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ABS3RACT

Results obtained from the 1 m&-Durat ion Expcsurc Facilit y (l.DEIi)  JPL fiber optics cxpcrhncm,  which rcrnaincd  in low+mtb
orbit for 5 3/4 years, are discussed in order to illu stratc the effects of the adverse spaw environment on fiber optic cables. The
results of tests performed on the ten fiber optic cable samples, flown on the 1.DEF, arc then compared to data obtained from
similar laboratory tests  performed on currently available fiber optic cables. The effects of radiation exposure, temperature
cycling, polymer aging, and micromctcoroid  impacts on fiberoptic cables applied in space arc discussed. Overall, it sccrm that
current commcmiall y available fiber cables could bc used for space missions, if kept in a controlled environment. Improvements
in purity of silica glass,  in buffer matings, and in cabling materials arc already visible in the new generation of fiber cables,
bringing  it one step closer to the ultimate “space qualified” fiber cable.

LINTK(mc!K?N

Fiber optic data links will play an impcxlant role in future space missions. A FDD1 fiber optic nctwcrk, operating at 125 Mb/s will
bc an integral part of the baseline space-station, whereas fiberoptic data busses, operating hr the GtYs data rate regime, arc being
ccmidcrcd for interconnecting high–bandwidth instruments on military and scientific space deployed platfams.

lhc lCVC1 of confidence in the usc of optical fiber technology in future space missions, has recently increased as a result of the
data obtained from several fiber optic expcrirncnts,  flown abomd  the Long-Duration Exposure Facility (1 .lXF)l. The puq)osc
of the 1.DHF fiber optic exposure cxpcrhnents  was to study the effects of the low earth-orbit space environment on optical fibs
cable. rind connector samplcsz.  The JI’L cxpcrimcnt, which included ten optical fiber cables, provided data on the effects of
iolliz,ing radiation, pcrkdic  tcmpcraturc  cycling, polymer aping, mcc.hanical deterioration of the packaging, contamination of
connectors, and micromctcoroid  impacts on the fiber cablcsj.  d. The JPL fiber optic exposure cxpcrhncnt  was initiated in 1975,
with the final fiber cable selection taking place in 1982. The cxpcrimcnt tray was launched on board the space shuttle in April,
1984. It was rcmvcrcd  68 months later, in January of 1990, with the post- flight  anal ysis conlnmcin~  in April, 1990. The total
mission duralion  was 5 3/4 years, in which the LDIHi was in near circular low-earth orbil, starting at an altitude of 420 km and
ending at 290 km.

In this paper wc will summarize  the results of the LDIW fiber optic cable post--flight analysis, and dcscritw  initial results of
radial ion and tcmpcraturc  response tests pcrfonncd  on currently available optical fiber cable samples. We start by dcscribil]p,  the
fiber optic cables. The followin~ sections describe the cxpcrirn$ntal  setup and summarim  the cxpcrimcntal data, A discussion of.
the results and conclusions follow.

A total of tcn diffcrcnl fibcrop[ic  cable samples, mostly  off- the- shelf products jn the car]y 1980’s, were, flown  as pati of the JI’I,
1.1>111;  cxpc.rimmt.  IiOur sampl~s  wm rnountcd  on Ihc surface of the c.xpcrimcnt tray, W])c,rcas  the remaining six c a b l e s  w e r e
p]accd  inside. the tray, shielded behind aluminum plates. All the major fiber types, SUC,h as plastic- clad, ]argc- core, graded index
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and single- mode, were rcprcscnlecl.  An i(lent  ical cmtrol  sampl e was kept at J}’l. for pmt-ftight  comparisons, ‘Mble  11 isls the tcn
fiber cable.s including pcrtincnl  paramctcm  on their construction and a varict  y of nominal performance parameters, F,xtcrnal
fiber cable samples arc identified by the letter ‘P’, while the internal samples arc identified by the letter ‘C’.

In addition, three currently available, multi- nmtc,  fiber optic cable samples were tcslcd as part of this work and arc listed in
Table 2. The first fiber cable sample, ‘N- 1‘, was chosen because i[ is the modcm off-thG shelf equivalent of the ‘P- 1‘ fihcr
cable, which mhibitcct  the least tcrnpcrature  and radial ion related degradation of all ten cable samples, flown on 1,DIW. The
‘N-2’ sample is a standard fiber, placed inside a space qualified cable. The ‘N–3’ sample is a radiation-hardened, tcmpcraturc
resistant, fiber placed inside a space qualified cable.  These three fiber cable samples, we bclicvc,  rcprcscnt a cross--section of the
choices currently available to the spacccraf[ fiber optic systcm designer.

~1 ‘J’I~;MI’lCR  ATwtI;  IU~J~JWJ’S

Fibc.r optic. cables dc.ploycd  in space arc subjeztc.d  to kmpcraturc  extrmcs.  In low- carlh orbit, the 1,DJW  fibc.rs went through a
complctc  hol-colci cycle within roughly 90 minutes, resulting in a total of over 33,000 such cycles during the 5 3/4 year 1.1>10/
mission. Pm external] y dc.ploycd fibers, tcmpcrat  urc fluctuations in space could conceivably range from –1 50° C to + 150° C. Oa
the olhcr hand, external fibers wilh some shielding could cxpcricncc much smaller tcmpcrat  arc fluctuations, from -30° C to
-t70° C. For fibers lmatcd  intc.raally  the cxpcctcd  tcmpcraturc  fluctuations arc rcduccd  even further, extending from - 10“C to
-t 40° C. Tbc cold tcmpcraturc  cxtrcmc usuall  y has a more significant hnpact  on the pcrfonnancc of fiber optic cables, mainly duc
to the fact that the fiber loss lypically  incrcasc.s appreciably at Ihc.sc tmpcratures.  The main cause for the at~cnuatim incrcasc  is
microbcnding,  which causes coupling bctwcm gLJ idcd and radiated mcxlcss.  in general, microbcnding  can bc traced to the
fiber- buffer intcrfac.e and results from: 1) a compmsivc strain in the fiber, duc tothc diffcrcncc in cwfficicnt  of linear expansion
bctwccn the fiber and the. buffer, and 2?) the crystal] izalion,  or phase c}~angc, of the po] ymcr buffer coat ing.

la order to evaluate the effects of tcmpcratarc on the cabled fiber samples, the change in the optical fibers’ at[cnuation  was
record  cd as a fu net ion of tcmpcrat  u rc. ‘Jlc fiber were inscrlcd in a computer controlled tc.mpc.raturc chamber, and the
tcmpcrah)rc  was cycled three t imcs from room tempera ture., up to + 70” C, down to --55 ‘C and back up to room tcmpcrat urc, over
a twc.lvc hour’  period, I’hc. fiber cable was kc.pt at the. two c.xtrmc tcnq>craturc.s fcx’ 30 minutes. Both fiber ends WCIC lcfl outsiclc
of the tcmpcraturc  chambc.r, and WCIC mmcctcd to a 1.ED source and to an opt ical power meter. A second input from the I Xl> to
the oplical power mc.tcr, via a fiberoptic splitter, allowed compensation for the output power flucluat ions of the light smrcc.  ‘1’hc
lip,ht source, the splitter and the optical detector heads were. all p]accd inside a tc.mpcraturc  controllc.d  box, and their tcmpc.ra[ure
was maintained at 32° C. This proccdurc dcc.ouplcd  the test setup from fluctuations in room tcmpcralurc.  The tcmpcraturc  and
li~ht  transmission data were rccordcd  every fhw minutes usin~ a personal computer based data acquisition systcm.  I’hc
mc.asurcmc.nts  were taken at both 8?0 nm and 1300 nnl wavclcng[hs.

‘J’hc atlcnuai  ion changes in all fibers exhibited a hysteresis type behavior, where the atkmat ion measured during the ccmling
cycle did not correspond to the attcnuat ion measured during the heating cycle. Ovcrall, most fiber cable.s cxpcricnccd  a!~ incrcasc
in loss with decreasing tcmpc.raturc..  Table. 3 shows the, tcmpcralurc  inrtuccd changes in attenuation, extrapolated in dWkn].
Anmng the 1.1>1{1/  fibers, the ‘P- 1‘ sample exhibited the 10WCS1 overall change with tcmpcraturc,  an incrcasc of about 2 dll/kn] at
the low tcmpc.raturc cxtrcmc.  Most I J>EF samples cxhibitc.d  a much larger incrcasc  in attenuation at the low tcmpcrtiturc
cxlrcmc.  The ‘C- 1‘ cable, for example, had an attcnuat ion incrcasc  of about 17 dB/knl  at the low tcmpcraturc  cxtrcnlc,  while its
altc.nualion remained almost unchanged at the. higher tc.mpcmturcs.  The change in attcnual  ion in the curmt fiber samples was
millatc  compared to the 1,D}W fiber samples. Suq)rkin.gl y, two of the three current fiber samples cxhibitc.d  a dccrcasc  in
attenuation at the low Icmpcraturc  cxtrcmc,  while the at[cnuation  incrcascd at the high tcmpcralurc  cxtrcmc. Figures 1 and 2
show the plots of attenuation versus tcmpcrat urc for the ‘1’–1’ and ‘C- 1‘ 1,D}W fiber cables, whc.rcas  Figarcs 3, 4 and 5 show the
same plot for the cumcnt fiber cable samples. On all graphs, the vcllical  axis indicates the c}m.ge in the fibers’ attcnual  io]] at a
pallica]ar  tcmpcraturc,  in (lWkm,  whh respect to [he. fibers’ attc.nua[ion  at room tcmpcraturc.



LRA.Dml(xs  lmxcm

195314

In a space environment, fibcx cptic cables arc exposed to icmiT.in8 radiation comprised primarily  of CICCtrOn and proton  radiation.
While the first type of radiation contributes to tic  total  dmc danlagc,  fllc s~ond type also causes danlagc duc to atom
displacement in the material itself. When exposed to radia~ion, tllc tmnsmissivc  Propeflics  of oPti~l  fibers arc coW)rOmiscd  by
the formation of color ccntcrs in the fibcrcorc, formed when electrons m hol~ gcncmted  by the ~diation am trapped  at defects or
impuri(ics  in the glass. Usually, defects already exist in the glass prior to exposure, and aw only incmm.ing  in number aficr
radia[ion  exposure. Although the rate of defect crcat ion in the fiber is not tcnqmaturc dcpcndcnt,  tile rate at which ticsc  defects
trap the charge, thereby faming color ccntcrs, is strongly tcmpcrahm  dcpcndcntG.  Phciobkaching,  a prcccss which causes
trapped charges to rcmrnbinc  via phc(mxcitation,  cnhanccs the rccovcry  of radiation induced loss. In general, an incrcasc in the
fibers’ attenuation and a slowdown in the rccovcry process cccur at low temperatures.

Materials added to the glass during the fiber manufacturing proms, arc also known to degrade lhc fibers’ pcrfonnancc when
exposed to radiation7  $ )9. Germanium, added to fiber corm in crdcr to increase the index of refraction, usually dominates the
radiation response of the fiber. Bccausc the trapping sites associated with Gc arc relatively shallow, Gc doped fibers recover
rapidly, Phosphorus, a dopant somct imcs added to facilitate the fabrica~ion  process, grcatl y incrcascs  the long-term radiation
sensitivity of fibers. The OH content of the fiber and another dcpant, arsenic, used in fiber preforms, arc also known to in ftucncc
the fibers’ radiation rcspoasc.

The cxtcn~ally mounted fitcr coils on LDEF cxpcricnced approximately a 1 krad tctal mission dose, at the fiber, calculated from
dose versus shielding depth CUIVCSIO.  lhc dose incident on the cable jacket was around onc order of n]agnitudc  larger. The
internal sampks,  shielded by 4.8 mm thick aluminum plates, cxpcricncul  around 200 rads. Our radiation exposure tests
consisted of exposing the tcn LDEF control samples and the three current fiber cable samples to a Com ganm]a-ray  source,
inducing a total dose of approximately 2 krads and 5 krads, respectively. Althou@  the proxdurcs  for transient radiation testing
of optical f ibcrsl  1 WCR followed, the dose rate was dccrcascd and the du ration of exposure was incrcascd bccausc of our interest
in the long-term residual loss increment. l’hc measurement setup was similar to the onc dcscribcd in the previous section. All
mcasurcmcnts  wcm taken at mom tcmpcrat  urc with a 820am 1.ED light source. llc optical power going through the f ibcr was
about 20 pW, and the light at the fiber output was monitomd  continuously.

Tab]c  3 lists the radiat ion induced peak attenuation at the end of the irradiation prcxzss,  as WC1l  as the residual attenuation, at 10+ 5

seconds. Figures 6 and 7 show plots of atlcnua[ion  versus timcfor  two of the LDEF samples. A fcw LDEF fibers, such as the ‘1’–1’
sample, recovcrcd  fairly rapidly, and rcachcd  their final residual attenuation witbin 24 hours after the radiation exposure
occurred. The ‘C–1’ fitxx exhibited a very gradual annealing process, spot-rncasurcd  over several months, and retained a
rc~at ivcly  high residual attenuation. This behavior was typical of most 1.DEF fibers. Figures 8,9 and 10 show similar plots for the
current ‘N-1 ‘, ‘ N-2’ and ‘N–3’ samples. On all Sraphs, the vertical axis indicates the increase in the fibers’ attcnuaticm,  in
dWkm, at a given time after irradiation cccurrcd. in almml all of the I.DEF samples, the radiation induced attenuation was
greater than the attenuation exhibited by the current samphx lllis was mainly duc to the fact that most of the off-the-shelf
commercial fibers, manufactured at that time, contained dq~ants,  such as phosphorus and germanium, in their core, All of the
current fibers, on the other hand, were phospkms frw.. Samples ‘N- 1‘ and ‘N–2’ rec.ovc.rcd within 24 hours, m ICSS, and retained
little altcnuat  ion, Surprisingly, Ihc ‘N- 3‘ sample, a radiat io]i hardened fiber, cabled fcx space applications, 1-ctaincd  much of its
radiation induced attenuation at 820 nm. A similal-  test at 1300 nm ‘shows a much improved pcrforlnancc,  with the I adiat  ion
induced lms decaying rapidly, and the fibc[ rctunling to almost pm- it i adiat ion attcnuat  ion lC.VC.IS within several hours.

I’hc aging and degradation of po]yn]c.rs  in spacccrdft  fibc.r  optic cables is an inlpottant subjcc[ sinm tllcir  sc.rvicc conditiol]s  arc
far from ideal. ‘1’hc polymer is usually subjcctcd to a multiludc  of sh’csscs, such as tcn~pcra(urc extremes, lip,ht,  atomic oxygen,
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ionizing  radiation, and mechanical distcxtion.  ‘J’hcsc  SW-WCS  can rCSUlt  in bc+h Chclnical,  as well as PhYsical  changes  in the
polymer, leading to the gradual dcgmdation of the material,

in comparison to the control sanlJ~lcs,  which remained in the lab, the cxtcrnall  y rnountcd  I.DEF flight fiber cables exhibited some
small changm in their proJmtics,  mainly noticeable during handling TIIC cables WCIC  sonlcwhat harder and MS ffcxiblc,  while
the fibers thcmsclvcs were more fragitc,  rquiring molv care during their connector termination promhm.  The intcrnalty
JNountcd samples did not show any observable changes, compared to the control samples.

fi,M.KXQM.!LlMN91L2S

Micromctcoroids  and space debris pcnc a significant risk to fiber cables which are exposed outside of the spacecraft structure, for
example in tclhcrtd  applications incorporate ing a fiber q~tic data link. The LDEF cxpcrimcnts  provide some information which
allows onc to estimate the risk to fiber cabk.s deployed in low--cartb orbit,

The four cxtcrnall  y mounted fikr cables in the JPI. cxpcrimcnt,  were lmakd 90° from the ram direction. On average, the
numlm’  of visible impact craters, having a diameter of greater than 0.1 mm, were 33 on the fiber mounting plates, 21 on the f ibcr
cable sample itself, and 2 on the rnctal mounting clamps. A total of three impacts that left craters about 0.5 mm in diameter were
dctcctcd  on thrw different fiber cable samples, All four fibers, each 25 m long and expcxwd on onc side onl y, sustained no darnag,c
and were fully functional. l’hc Air Force Phillips lab fiberoptic cxpcrimcnt (LDIW Expcrirncnt  No. MOO04) exhibited a total of
two cra[crs about 0.5 mm in diameter on the fiber cables, which did nor affect the fibers, and onc larger crater, about 1.5 mm in
diameter, which did cause darnagc to the fiber itself, mndcring  the link nom-operational, This cxpcrimcnt was located near the
ram direction and had four surface mounted fiber cables, having a total length of 75 ml.

LIMMUXK-!!

Wmmctltlulci  ‘Jlc LI~EF cxpcricncc  showed a Iargc range in pcrfonnancc  under cxtrcmcly  hot and cold tcmpcratum  conditions.
~“hc ‘P-1’ sample, in particular, withstoal  the cold temperature cxtrcmcs much belter than other LDEF fiber samples, sustaining
only a 4 dB/knl loss at –55 “C. Ilis fiber was coated with two layers of UV cured acryla(c buffer, the inner layer having a low
mcxtulus  and the outer layer having a higher mcxluluslz. l’hc two layer buffer, having an outside diameter of 0.5 mm, was placed
in a hytml tube of insiddcmtsidc  diameter of 0.5/1.0 mm. l’hc entire buffer structure was tight (net 100SC tube). l’hc fiber also had
a rcla(ivcly high numerical apmurc (NA), which also favacd lower tcn]pcratur~induccd  microbcnding lcsscs.

Wc feet that the buffer coating and the cable design itself play an impalant  role in the fibers’ temperature related pcrformancc,
l’hc current fiber samples, tested in this work, show that cable and buffer designs have bczn improved over the last dccadc. As
SCJM in Table 3, all the ‘N’ samples had very low changes in light output at the tcrnpcraturc cxtrcmcs,  with most of thcm actually
showing a dccrcasc in loss. llc commercial ‘N--J’ fiber cable sarnplc,  rnadc with an acrylatc  buffc.r material, showed a
tremendous improvement over im ‘P-1’ counterpart, ‘J”hc  space qualified ‘N- 3‘ sarnplc,  made with a pol yimidc  buffer material,
actual] y had an incrcasc  in light output of 1.33 dB/kn]  at -55 “C. in applications in which the filx.r  is mounted inside a spacecraft,
thcl-cby  ]-educing, te.mpcraturc  extrcnlcs  to the - 10°C to + 40°C range, an even better pc.rformancc  is c.xpectcd.

.
&@iatiQn;  Although  the initial  Cfamagc mastly anneals out duc to thermal effects or to light (photoblcachin~),  a residual incrcasc
in attcnuaticm,  influenced by impurities and dopants  in the. fiber material, pcnnancnt]y  remains in the fiber. Although all of the
1.JJI;I; fiber samples we.rc off--the-shelf products, availab]c  over tcn years ago, some of the better samples, such as ‘P- 1‘, could
have pclformcd  satisfactorily in most spacecraft applications. ‘J’hc Current  Samples Outperformed  alnlost  all  of t}lc ],I)IW  f ibcr
cab]c.s. ‘J’hc.  ‘N-- 1‘ sample, an off-the-shelf, nom space qualified, pr~uct  had a rcsidllal  long--tcnl~  radiation induced
attcnurition  of only 0.6 dB/kn]-krad,  which was almost five. times better than the 2.9 d] Vkn]- krad c.xhibitcd  by the ‘]’- 1‘ saln]]lc.
“1’hc  mdiation  hardened ‘N-3’ sample, on the other hand, had an unusually high residual at[e.nuatiorl  of aln]os~  5 dlJ/knl–rad,  at
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820 mn, ycl exhibited an cxtrcmcly  low residual atlcnuat  ion of about 0.08 dWkn~-rad, at 1300 mm With the emergence of
radial ion hardened fibers, which can bc exposed to radiation doses an order of magnitude larger than the radial ion doses seen by
the 1.IXilI’ samples, applications requiring fiber lengths of at least 1 km, could be supported. If the fiber is shielded or applied
inside a spacecraft, reducing the radiation exposure even more, increasingly greater fiber ]cngths and longer mission lifetimes
will be possible.

~’Q@UCC .Aging: AMIough polymer aging is not one of the traditional mc.chanisms considc.rcd  when looking at applications of
fiber cables in spacecraft, long--term space exposure can change the propcllies  of polymers used in cabling  and connector
materials, chal~ging  their mechanical and optical propcrlics sufficiently to affect the fiber link performance. Chemical reactions,
such as hydrolysis, LJV photooxidation, thermal oxida[ion,  pyrolysis and radiation all have the potential to cause polymer
dcgradationls  . l’he impact of polymer aging on fiber optic system performance can be felt primarily in the following ways: 1 )
crys[allinity  change in the buffer materials, resulting h) microbcnding,  2) changes in modulus of buffering materials that might
cbangc  the optical 10SS versus tcmpcraturc  behavior of the fiber, 3) ChaT)gCS in stiffness or dimension, adversely affccling  the
ccnmnt u scd in conncclor  termination, or in attaching fiber pig[ails  to semiconductor chips, and 4) cvolut ion of volat  ilcs w}]ich
might affect connector performance or might interfere with other equipment on a spacecraft,

&l.i.MKUUCICCKMS:  ln light of the. results of the 1-111;1’ fiber optic experiments, impacts on cxpcscd  fiber cables present a small,
but serious, risk of sys[cm damage. It number and scvcrit  y of the. micromctcoroid  impact damage seems to also corrclatc with the
dircclion  of the surface with respect to the direction of motion of the spacecrfift, In order to assess the risk in operating an exposed
fiber oplic  link in low- callh orbit, the 1.D}W data was combined as follows.

Convc.]ling  the number of impact craters into a probability of finciing  an impact, the result is 15111-2 of 0.5 mm craters and 1111-2 of
1.5 mm crate.rs fol- the combined .1J’1. and Air Force fiber optics experiments. “1’hcsc  results can be used 10 estimate the probability
of fi~ilurc of a completely exposed straight fiber optic cable, oricn(cd perpendicular to the ram direction. The probability of an
im])act large enough to cause fibc.r  brc.akagc is 1 ]~cr kn-year, while the probability of impacts leaving a 0.5 mm crater, without
breaking the fiber, is around 20 pcr kn-year.

fMxmcM.!smNs

‘J’hc 1.DEF fiber optics experiments have shown that  certain fibc.r optic cables can bc used in space for prolongc(i  periods of time,
of the ilcms [iiscussed,  miiation  and tcmpcmt urc effects arc the most  important, with either onc of them having the potential to
seriously affect the overall performance of the fiber optic system. Polymer aging and nlicromctcoroi(is  arc of less significance,
but should not be ignored. in general, the ovcrail importance of these issue.s is application and mission length dcpcndcnt,  in
applications requiring fibc.r optic link lengths of tens of meters, deployed inside a spacecraft, they may not bc critical,
App]icat  ions requiting much longer exposed fiber lengths, opcraling in a large radiat ion dose environment, musl  carcfuliy take
into account tcmpcraturc  c.xtrcmc.s  and total mission radiation dose. in their design. Placing the fiber cables in a shic]dc{i  or
controlled environment, dccrcasci  the attenuation incrcasc  due to radiation and tcmpcraturc  cxtrcmcs,  while at the same time
protecting the fibc.r cables from polymer aging effects and micromctcoroid  impacts.

IT] comparing the currc.nt fiber samples to the original 1.I>}W fiber cables, great improvements in pc.rformancc during
tc.mpcralurc and radiation cxpmurc  arc noticed, Short lcnglhs (< 100 m) of todays commercially avaiiablc,  off-the-shelf, fiber
cables, such as the ‘N-1’ sample, would probably perform adequately on shorl missions (<5 years), if given mccicst protection.
Othcr fiber cables, such as the ‘N–3’ sample, arc providccl with bu ffcring and jacketing materials which can withstand much
greater temperature extremes, while also using fibers less affected by radiation. These ongoing efforts in developing buffer and
jacketing materials, which arc less susceptible to tcmpcraturc  cxtrcmcs,  and in purifying the fiber core, thereby reducing
radial ion induced at lcnuat ion, will eventually lead to the ideal “space qual ific(i”  fiber nccdcd  for 15 to 20 year missions.
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